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ABSTRACT /50 57

A gencrel analysis is made of the precipitation of elecirons
vithenergyzelhonevmtotheamospheremrmrthmeﬁcs.
Measurements were mede principally with three directional Geiger
tubes on the magnetically-oriented satellite Injun III. It is
shown that the intensity of electrons mirrar-ing at the satellite
altitude increases rather than decreases when precipitation
cccurs, for example, over an surora., The precipitation process
is such that the angnlar distribution of electroms temds to
approach isotropy over the upper hemisphere at the satellite
altitude. The flux of electrons with E 2>_ L0 keV back-
scattered by the atmosphere is about ten percent of the
precipitated flux. HNo events have been found where the upflux
exceeded the downflux, and it is concluded that most acceleration
processes take place high ebove the satellite, accelerating
electrons preferentially parallel to the magnetic<field linmes.
It is shown that electrons with E, 2 1 MeV trappad around
L ~ b are not perturbed when electrons with E, ~ kO keV are
preciplitated at the same place, and so it is cansidered that
the precipitation is not caused Just by a gross change in the
magnetic fileld producing lowered mirror points. The dependence
of precipitation on Kp,loca.l and real time, I, and so on is

sumperized and the implicetions discussed. }Q JTHOR



INTRODUCTION

The intense fluxes of electroms precipitated into the

atmosphere at high latitudes originate in the magnetospbere
gbove an altitude of sbout 1000 kilameters /see O'Brien,
1962, and review therein/. They possess sufficient kinetic
energy to penetrate into the atmosphere to altitudes of order
100 kilometers, where they can produce aurcras and other
phe:xnem of interest. The origln or the source of these
electrons is not known, and meny of their properties have been
studied only indirectly fram comsideration of effects produced
by them, With satellite-borne instrumentation, the fluxes can
be meesured directly.

In this note, based on such measurements with the
satellite Injun IZJ, the following properties of these fluxes
will be considered:

(a) Their pitch-angle distributions, i.e., the variastion of
particle flux with respect to the angle {(v) between the
particle trajectory and the local magnetic field vector
B

(v) Their intensity as a function of magnetic latitude, local
time (or longitude), real (or eiapsed) tine, gecmagnetic
disturbance, and so on;

(c) The fraction of precipitated electrons backscattered by
the atmosphere;



(a) Their energy spectra; and
(e) Their origin.

The particuler problem of the specific relatiocmship of
these fluxes to the excitation of suroras is treated in a
companion paper /[O'Brien and Baylor, 1963, hereafter called
Part IV/.

An earlier study of precipitetion was mede /0'Brien,
1962/ with a single Geiger tubs on the sateliite Injun I, which
waé in a high-inclirnation orbit at an altitude of about
(950 + 50) kilameters. The satellite was mot oriented, end so
the exis of this directional detector swung at varying angles
to TB'). Thus occasionally it meesured trapped particles, i.e.,
those particles with pitch angle @ ~ 90°, and occasicnally it
measured precipitated or dumped particles, i.e., those with
e £ ap, where ap 1s the pitch angle at the satellite altitude
of a particle which would mirror at 100-km altitude. For the
sbove Injun I investigations, ay ~ 55°, The résults of that
study of relevance here were as follows, for electrons with
energy E > 40 keV at 1000-km altitude and high latitudes over
North America:
(1) In the quiescent state, most of the electrons had a pitch
engle o = 90° + 20°, and the pitcheengle distribution was
symuetric ebout ¢ = 90° because all the electrons were trepped

(see Figure 4 of O'Brien, 1962);




(2) Occasionally the pitcheangle distribution widened to
include the dumping cone at ap, as electrons with a .‘5' a,
spiralled down the field lines to plunge into the atmosphere.
The angular distr!ibutim then became asymmetric as downflux
exceeded upflux. A precise measure of the ratio of downflux to
upflux could not be made with the single detector (see Figure 4
of O'Brien, 1962, and associated text);

(3)  The average flux of precipitated electrons varied fram
J~ 16? to 103 particles a2 gec™ sterad™t at mid-latitudes
(L=2 or A =U5°) to § ~ 10° around the aurcral zone

(5 € L S 15ar60° £ N S 75°) end then decreased by
tvo to three orders of megnitude closer to the magnetic pole
(see Figure 8 of O'Brien, 1962). The precipitated flux at a
given location in the auroral regions varied over a range of ten
thousand to cne, so the concept of any "average" values must be
treated with cere;

(4) This average outflux was so large that if (a) the source
of outer-radiation-zome electroms would be stopped and yet if
(b) the average ocutflux would continue at the same rate, then
the outer zone would drain empty of such electrons in a few
hours; and

(5) Very great changes occurred in the flux in short periods
of time or small distances, and these changes were particularly

large in the vieinity of the auroral zone.



In & violently v‘?riable phenamenon such es electron
precipitation in the au"roral regions, it is one function of the
experimentalist to determine whether any simplifying summary can
describe the observations, even if he doesn't understand why it
should do so.

It has, therefore, saretimes been suggested that the
electrons trapped in the cuter Van Allen belt might provide a
convenient source of electrons to be precipitated into the
atmosphere. In the most simplified version of this suggestion
(the leaky-bucket model) the precipitated electrons would be
simply formerly-trapped electrons whose energles were unchanged
but whose pitch engles were lessened by an unspecified pertur-
bation. Both satellite /e.g., Ven Allen and Lin, 1960; Arnoldy,
Hoffmen, and Winckler, 1960/ and balloon /e.g., Winckler, 1961;
Anderson, 1960/ experiments showed that there must be some
acceleration mechanisms which increase the kinetic enmergy of

. electrons residing in or entering into the magnetosphere, but
the relation of trapped eledtrons (as detected by Geiger tubes)
and precipitated electrons of camparable energy remained unclear.

Fran the Injun I studles it was suggested /[O'Brien,
1962/ "that precipitation occurs principally during the
acceleration process and that the precipitated particles are
fresh particles.” It was further stated: "The outer zome

should then be regarded not as a 'leaky bucket' that occasionslly




spillis out particles to cause aurcras but rather as a bucket
that catches a little of the splash from the acceleration
mechanism, For want of a better phrase, it is a splash
catcher.”

In order to contrast the two models quoted above, an
extremely oversimplified camparison of the two is made in Table I.
This camparison will be discussed in this note, and it is pre-
sented in this elementary form here simply to establish the
terminalogy for later use. It should also be emphasized here
that only electrons with energy E % 40 keV will be discussed,
and furthermore that the existence of an electron with energy
below this threshold is not even recognized in the splash-
catcher model of Table I /see O'Brien, 1962/. It is not the
principal role of this present study to determine whether an
individual electron which 1s detected with E ~ 40 keV, had
recently an energy of a few electron volts as a canstituent of
a stream of plasma fram the sun, or whether it was far many
years of thermal energy and a resident of the magnetosphere
of the earth, or even whether it was formerly a Van Allen
belt electron with energy of say 10 keV. Clearly determinatiom
of the immediate past history of a precipitated electron is of
interest, and we will discuss it here, but only efter the main

analysis of this note.



*SIN000 BIOANB UIYM SHSVIYONI
£q1sU9quy aWOZ-IN0O : ISHAL

*SBJIOJINE JO 9SNBO SR VFPOWNIF
aq3 ST J8A338UM Id
(2red ur) pejesousd aas
SUOJI]09TD dWOZ~I3N) :NOIIVOTIdWI

* 039 ‘gwIoanB 9SNBD

01 polejrdrosad aaxe
qoTyAa Jo 3sow nq
paddexs; axe YoTyA

Jo amosS ‘suUOJI}OITd
o139819us s93821) (1)

PYOTYM WSTUBYOSW _
WOT4BISTIOIY ENO

*8IN020 BIOANB UaUm SHSYHMOEI
£qpsuajuy auoz-I9n0 :ISHL

*gBI0INB JO HSNVD
3jeTpomNy 93 aJu
SUOJ3O9TS SU0Z~I33n0 :NOILVOTIJWI

*ggJoIN® ISNWVD
pus -a8usyd £3x3U2 ou
qaTA 30987 woqy dmp (2)

‘suoxqyosTe paddexs
o19e810u0 33833) (T)

:QOTUA SWSTUBYOSIW
UOTYBIITI00Y OML

TIIOW YIHOLVO-HSVIdS

TIION LDIONd ~XIVET

uostaedmo) potITTdUTS




As can be seen fram Teble I, a test of the splash-catcher
model is s:l.mplytodetex?inevhethertheﬂm:oftrapped electrons
increases when electrons are precipitated. If the over-
simplified leaky-bucket model was carrect, the intensity of
trapped electrons instead would decrease during & precipitation
event, Fran Injun I there was an indicetion that the first
situation prevailed. "However, lerge fluctuations in space and
time of the intensity of the electrons (made) it difficult to
evaluate this effect quantitatively when only one detector (was)
used" [Q'Brien, 1962/. Clearly it was desirable to measure
the fluxes of trapped and precipitated electrons at the same
place and time. This has now been done with an array of
Geiger tubes on the magnetically-oriented satellite Injun III,
and we will show in the following that the above predictiom of
the splash-catcher model is correct for low altitudes of order
1000 km. It will be shown that there is evidence for valiidity
of the model also in the equatorial plane at high altitudes.

It 1is empbasized that the purpose of formulating such a model is
simply to facllitate discussion. The full validity and implica-
tions of the model must be investigated separately in detail.

No attempt is made in this note to set up or discuss theories to
explain the observed phencmens.

We draw particular attention to the fact that particle

fluxes plotted in every figure in this note are always plotted
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on & logarithmic scale. Generally the intensity ranges over a
factor of ane thousand or more, and sametimes over & factor of
a million or more. This veriadbility, which is real, should be

borne in mind throughout this study.




EXPERTMERTAL APPARATUS

The satellite Injun III was launched on December 13,
1962 into en orbit with apogee altitude 2785 kilometers, perigee
altitude 237 k:l.icmeters;‘ inclination 70.4° and period 116 minutes.
The satellite 1s descriﬁed in detail by O'Brien, Laughlin, and
Gurnett [1963/ hereafter called Pert I. Three features of the
satellite are of particular relevance to this note.

(1) Its array of Geiger tubes;

(2) TIts magnetic orientation; and

(3) The high temporal resolution of its telemetry and
data~-handling systems.

Relevant characteristics of the three directional Gelger
tubes of interest here are listed in Table II (courtesy L. Frank
and J. Craven). The relative orientations of these detectors
are shown in Figure 1, which also illustrates the usefulness of
the magnetic orientation of the satellite. Briefly, the three
oriented detectors permit study of electron fluxes which are
trapped or precipitated, or a mixture of both. If the pitch

angle () between a particle trejectory and the locel geamagnetic

-

vector B’ is a ~ 90°, then the particle is mirraring at the

satellite altitude and it is generally deemed to be trapped.
If by contrast @ ~ 0° then the (precipitated) perticle will

plunge straight into the atmosphere where it will experience
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Coulamb scattering and energy loss and most likely be absorbed.
There 1s a range of angles 0°ia$_anwh1chdeﬁnesaloss
cone such that any part_‘licle within it is judged to be pre=-
cipitated and genera.uy‘ lost from the trapping regions. In
this note as before /O'Brien, 1962/ the value of ap at the
satellite altitude is the pitch angle of a particle that will
tend to mirrar at 100 km. 'mevalueancanbedetemined at a
field strength B fram the invarient relation

2

sin” ay, 1

B B00 m

The values of aD and general discussion of this invariant relation
and other parsmeters are presented in Appendix I.

The sampling of the Gieger-counter rates and the selection
of data are discussed in Appendix IX, Evidence for the experi-
mentel validity of the results, including discussion of the
exclusion of noisy data fram extremely variable phencmena, 1is

presented in Appendix III.
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OVERSIMPLIFIED VALIDATION OF THE SPLASH-CATCHER

The leaky-bucket model and the splash-catcher model were
compared in Table I. There it was shown that a simple test of
the two models would be a measurement of the intensity of
electrons trapped on the field line through an aurora. If the
leaky-bucket model is valid, then the flux of trapped electrons
should decrease as they empty out of the radiation zone and cause
the aurora. If the splash-catcher model is valid, then since the
flux of precipitated electrons must increase to cause the
aurora, so should the flux of trapped particles increase,

It will be useful for subsequent discussion to show here
immediately that the secomd situation prevéils, thus validating
the splash-catcher model at Injun III altitudes.

The photameters on Injun III can deteet an aurora at
the base of the field line which guides particles detected at the
- patellite altitude. A discussion of the auroral observatioms is
given elsewhere 1a this set of papers /0'Brien and Taylor,

1963/. Bere e single example of en surcral cbservation is used,

In Figure 2 are plotted the fluxes of (1) electroms with
a = 90°; (2) electrons with @ = 50°; and (3) light in the
spectral region around 3914 1‘;, for a northbound passage of the
satellite at night over North America. At low values of I,

the flux of electrons at a ~ 90° is of order one hundred times
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greater than the flux of those at @ ~ 50°. Indeed, most of the
electrons measured by Detector 4 at low values of L in this pass
were trepped. Only at L 2 L was the viewing cone of Detectar b
completely inside the dumping cone (see Appendix I), When the
satellite reached aurora.li latitudes, it measured a very large
increase in the flux of precipitated electromns, i.e,, of those
with a ~ 50°, and at the same location the intensity of 391% :\
light increased greatly as these and other precipitated perticles
caused an gurora.

Simultanecusly the intensity of trapped eleetromns with
@ = 90° increased greatly (see Figure 2) to a flux essentially
the same as that of the precipitated electrons. This cbservetion,
and many others like it detected by Injun III /see O'Brien
and Taylor, 19@' thus validates the splash-catcher model in its
camparison with the leaky-bucket model. We may now investigate
the extent of the validity of same of the extreme oversimplifica-
tions in this splash-catcher model. Note in particular that it
has been validated here pnlir at Injun III altitudes of order
1000 kilameters. This does not imply that it is still valid
for perticles with @ ~ 90°, In order to test it for such
particles, data fram high-altitude satellites which travel near
the equatorial plane must be used.

Clearly for an ideal test of the splash-catcher at high

altitudes one should have a satellite measuring directional



fluxes in the equatorial plane, comparing the flux with an equa-
torial pitch engle @ ~ 0° and that with @~ 90°. This has not
yet been done (see _fnppendix I). So in this note, we consider
precipitated elecﬁrons measured by Injun III at low altitudes in
1963, and compare them with trapped electrous measured by
Explorer XII at high altitudes in the equatorial plene in 1961.
The two sets of measurements can therefore be compared only on
a statistical besis, and the planetary maegnetic index Kp at the
time of each measurement: is taken as a paremeter governing the
behavior of each.
From Injun III data of December 1962 through February
1963, the maximm flux of electroms with Ee _3_’_ Lo keV ‘
precipitated during each highelatitude pass is plotted in
Figure 3A against the value of Kp at the time of the pass.
Each flux wes averaged over 8 seconds (or ~ 50 km of satellite.
trajectory) in order to smooth over extremely brief fluxes,
From Explorer XII passes in 1961, Freeman [1963/ found

the meximm counting rate of a given detector on each egquatoriel

pass through the outer zone, and plotted it against Kp at the time

(Pigure 3B). The plotted counting rates are averages over many
spins, and hence are roughly amnidirectional intensities,

dominated by locally-trapped perticles with a  ~ 90° [see

" Rosser, O'Brien, Van Allen, Iaughlin, and Frank, 1962/. The
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detector measures electrons with E, ~ (50 + 10) keV. 1In the
outer zone these daminate the spectrum with E 2 40 kev,

Figures 3A and 3B show that the flux of precipitated
andottmppeﬂelectrmsbothimreasevithxp. It is also
apparent, even with considerable scatter of the data, that the
flux of precipitated electrons incresses more with increase of
Kp than does the flux of those trapped st high altitudes., If
w2 assume that both the increases are due to e cammon acceleration
nechanism, then we can conclude that the acceleration mechanism
acts preferentially parallel to B’, but with a finite and lesser
effect at larger angles to '1'5'). This is, of course, the prediction
of the splash-cstcher model /O'Brien, 1963/.

The validation of the splash-catcher in the equatorial plane
depends on the assumption that the maximum spin-averasged flux in
the equatorial plene and the maximum precipitated flux would be
seen on the same magnetic field line if simmltsaneous observations
vere made, Our present imperfect knowledge of the locus of the
field lines (or guiding centers) at large values of L is con-
sistent with this assumption for the above statistical camparisom,
but the assumption cannot be proved. It is concelvable that the
results of Figures 3A and 3B have different causes. It 15 simpler
to assume that they have a cammon cause and together with Injun III
results as in Figure 2 this would imply that the splash-catcher

model is valid through the whole of the ocuter zome.
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BACKSCATTERED ELECTRONS

It was found with Injun I that electroms with
E >_ 40 keV are precipitated, and also that same precipitated
electrans are backscattered by the atmosphere /O'Brien, 1962/.
However, with only a single, slowly-spinning detector on
Injun I sampling highly-variable fluxes it was not possible
to measure accurately the ratio of backscattered electroms to
precipitated electrons. Such a measurement has now been made
with the array of detectors on Injun III,

We define the reflection coefficient (Ra) at a given
pitch angle a (vhere a < 90°) as the ratio between the
directional flux of particles coming upwards from the earth at

a given angle to -ﬁ’

and the directional flux travelling down-
wards at the seme angle. In effect, Ra is the ratio of the
directional flux at (180° - a) to the directional flux at (@).
Cleaxrly Ra =1 v(hen a = 90° when the Alfve;x approximation holds.
In order to determine what proportion of dumped particles 1s
actually absorbed in the atmosphere, R must be evaluated over
the range ¢ = 90° through a = aptoa = o°. (Onlleorthern
Hemisphere data are discussed here., In the Southern Hemisphere
 the same discussion aepplies 1f the supplements of all angles

are used.)

Such an evaluation can be made theoretically, but it is

a camplex problem because of the electron gyration around F’,
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the nm=-radial direction of 3’ except over the poles, the
dependence on the angular distribution of the downflux and so
on. (We are indebted go Dr. F. Mozer and Dr. D. Elliott for
velusble discussions cn this theoretical evaluation.) Por the
present purposes, we siﬁxpl.y meke a relatively crude experimental
measurement .,

Soon after separation the satellite spun with such a large
amplitude that all detectors swung over a wide range of a. The
parameter Ra can be measured accurately at ¢ < a, only when
intense fluxes of electrons are being precipitated, and it 1is
at just such times and places that the electron fluxes vary so
rapidly. Therefore both J (@) and J (180° - @) must be
measured at the same time and the same place soastoﬁndl%.

This has been done using Detectors 1 and 7 on Injun IIXI.
Detector 1, a thin-windowed Geiger counter, points in cne
direction, and the differential spectrameter channel Detector 7
points in the opposite direction. Fram the early period of
spinning and tumbling of the satellite, occasions were chosen
wvhen there were intense fluxes of precipitated electrons at
high latitudes, and when the above detectars were spinning
rapidly through e wide range of @. The value of & is determined
from the flux-gate magnetameter whose axis is parallel to those
of the asbove detectars. The magnetic dip was mors than 70° in

every exmmple chosen for this enalysis.



Detectors 1 end 7 are not identicel, so that R cannot be
obtained immediately fram their respective counting rates. How-
ever, in a given pass and a given spin we can cbtain their
respective counting rates when they view the same flux at
a = 90° (when R = 1). Suppose the ratio of the counting rate
of Detector 1 to that of Detector 7 is X when @ = 90°, Then
suppose that the ratioc at another value of @ with Detector 1

poihtingup,istata:dl, say. Thean =% The

7 -
resultant plot from many spins on six passeslis shown in

Figure 4. The data were taken fram differing locatioms so that
aD varied as shown,

The sbove treatment implicitly assumes that the different
energy response of Detectors 1 and 7 is unimportant. The fluxes
studied were those in which Detectors 7 and 8 and other electron
detectors showed that most of the electrons measured by Detector 1
had energles around 4O to 50 keV, and hence were measured
equally well by Detectors 1 and 7. In most cases, there were
a few counts registered by Detector 8, which views the same
direction as Detectar 7 but which responds to electrons with
energy around 90 keV [see O'Brien, laughlin, and Gurnett, 1963].
In such exemples, the reflection coefficient for these
~ 90 keV electrons was usually slightly less than that of the
electrons with energy ~ 50 keV, but the Poissonian errors

associated with the small counting retes of Detector 8 were
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relatively large, and the data are not regarded as sufficiently
definitive to be plotted here. They do show, however, that

90 keV electrons have a finite reflection coefficient camparsble
with that of 50 keV electrcns, and hence they justify the use
mede here of an integral measurement (by Detector 1) and a
differential measurement (by Detector 7) in order to find a
reflection coefficient for typicsl outer-zone electrans with

E > U0 kev,

4 direct intcgmlmeemementatRawasmdewhenan
intense and brief precipitation event occurred while Detectar 1
wes painted down vieving @ = 170° electrons and Detecter 4, a
similer detector, viewed @ = 130° and hence trapped particles at
this location. From discussian which will f£ollow, it may be seen
that in such precipitation events the flux of trapped electrans
is about the same as the flux of precipiteted electrons. BHence
in this case, Detactor 1 measured upflux, and Detector 4 may be
taken as measuring downflux. The resultant value of Ra plotted
in Figure 4 is in good agreement with that obtained fram
Detectars 1 and 7.

We conclude from Figure U4 that over the su.ring come at
high letitudes, the flux of backscattered electrons with
E » 40 keV is sbout ten percent of the flux of precipitated
electrons with E & 40 keV. This value, which ig.ores dependence

of 1‘1 on energy and pitch angle, 1s reliable to a factor of better



than two, which 1is sufficient for our purpose. It would be
valueble to have a more accurate meesurement, made preferably
with identical energy-discriminsting detectors with nerrow
(€ 5° 1n dlemeter) fields of view.

Note that in the sixteen measurements made in the dumping
or loss cone and plotted in Figure L, Ra is always less than ome.
This 1s in contrast o the rocket observation by McDlarmid,
Rose, and Budzinski /I961/ of R, > 1, and it shows that such
cagses are rare., More measurements of Ra with special instruments
such as mentioned above would ensble one to decide how often
angular distributions with Ra > 1 occur,

This determination of the reflection coefficient is of
relevance in studying conjugate-point phenomena, if it cen be
shown that the backscattered electrons will be able to travel to
the opposite hemisphere. This requires that the local megnetic-
field line be sufficiently well-ordered to act as a guiding
center, It will be shown below that on at least some occaslons
this requirement is satisfied. It also requires that a LO-keV
electron can travel back up the field line without being
essentially stopped by the acceleration mechanism. This and

associated problems are discussed below.
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SAMPLES OF SPLASHES

In the following studies date principally from Jamuary and
February, 1963, when the satellite wvas oriented, are used.
When Injun III was at low values of L, such as

A
2 ~ Lsh, the counting rates of Detectors 1, 4, and 5 generally

- varied smoothly with time or place. At higher values of L,

however, in suroral regions, the counting rates of the
detectors would sometimes change greatly in a few seconds.

A ghort segment of date fram such an occasion is shown in
Figure 5, wvhere each detector was sampled about four times each
second., It is clear fram this figure that when Detector 5
exhibits a marked increase in counting rate, so does

Detector 4 and so does Detector 1.

When such examples ere sampled at higher rates, this
qualitative behaviar is still apparent. This is shown in
Figure 6, in which the sempling rate was sixteen times each
second .

Fram a pass of Injun III through the auroral regioms,
many examples of such synchroncus changes in these counting rates
can usually be cbserved. For convenience of subsequent dis-
cussion, any such event will be called a "splash"”. As here
defined, a splash is an event which is detected by noting

that Detector 5 bhas measured a brief enhancement, and confirmed

i
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by noting that the other detectors measured an enhancement at

the same time. It is not defined by examining Detector 1 or

Detector 4 first. The significence of this i1s discussed below.
Because the changes in counting rate in e splash event

are synchronous, it may be assumed that they have a common cause.
On the above assunption that the increments of fluxes

seen by three detectors have a common cause, and beceuse the

precipitated particles must have been generated very recently

and could not have been trapped with the saxne energy and the same

pitch sngle, we will call each increment of flux at each pitch
angle "fresh" particles. By this it is implied that the
particles in each ircrement did not formerly exist at that pitch
angle with that energy. It is important to note that if the old
particle flux was (as usual) a monotcnically-decrcasing value
vith increasing ensrgy above ~ 10 keV, then a mechanism which
edds an increment of emergy without changing the pitch angle of
each particle will give an increase in the flux of electrons
vith E > LO xeV., Various other conceiveble effects could

also lead to "fresh" pariticles, and these are considered below.




25

TRAPPING DURING PRECIPITATION

An interesting problem is to determine whether trapping
can possibly occur on a field line which is the guiding center
for a precipitation event. Now the precipitation could be
caused by acceleretion over part or all of the field line. 1If
it occurred over all of a field line then every electron
spiralling eround that field line must have encountered the
acceleration mechanism. On the other hand, if it occurred
over a part of the field lire for a time shorter than the bounce
period of trepped electrans, then many of the latter would be
canpletely unaffected by it. Because the Geiger-tube counts
are accumulated for ~ ome quarter (or ~ one sixteenth) of a
second, which are times shorter than the bounce periods, it
is possible that they do not give a representative sample of
the particle population along the entire length of a line of
farce. It appears to us, however, that the following treatment
is independent of any such effects.

There are several numericel values of relevance here
[see Van Allen, 1963, for general discussion of periodic motions
of trapped particles/. At L ~ 4 and ~ 1000-km altitude, an
electron with 50 keV kinetic energy will bounce to-and-fro in
latitude in about 1 second, and will drift in longitude so that

each successive mirror point in a given hemisphere (say) 1is
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ebout 2 km to the east of the previous mirror point, Sampling
times of the detectors range from about one-sixteenth to ome-~
quarter of a second here. The satellite moves at a speed of
about 8 km/sec near perigee and ~ 6 km/sec near apogee. The
cyclotron radius of gyration averages about 20 meters over the
range of cbservation here.

We determine whether trapping and precipitation are
possible on the same field line at the same time by campering the
bebavior of low-energy (B, > L0 keV) electrons with that of high-
energy (E, ~ 1 MeV) electrons at the same time and place.
High-energy electrons are present in large fluxes around
L ~ 3.5 to 4 [see laughlin, Fritz, and Stilwell, 1963/ and meny
splashes were observed in that region while Injun III was
spinning soon after separation, and also at later times when it
was oriented.

Two detectors which measure high-energy electrons are used
bere. The first, Detector 3, measures electrons with energy
E 2 250 keV over the same conicel fileld of view as does
Detector 1. The second, Detector 6, is an cmnidirectional
detector which most efficiently detects penetrating electrans
vith energy E ~ 1.5 MeV. It also respands to bremsstrehlung
from lower-energy electrons, but fram the other Injun III
detectars it can be shown that the bremsstrahlung conmtribution

was negligible in the cases studied here.
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Two splashes on two passes are used here. In the first,
Detectors 1 and 3 pointed into the dumping cone. Before and
after the splash (which occurred over about one second in time
or seven kilameters in distance) they detected an electron beam
in which

1 1l

J(E > 140 keV) ~ (3.6 + 0.2) x 10° particles cm > sec™  sterad”

1 1

J(E 2250 keV) ~ (6.3 + 0.2) x 103 perticles em™> sec™) sterad”

During the splash, these detectors found

2

J(E * 40 keV) ~ (14.3+ 0.1) x 10° particles cm =

1 -1

sec — sterad

2 1 -1

3(E %250 keV) ~ (11 + 1 ) x 103 particles en™> sec™} gterad
vhere the errors in each case are Poissonian standard deviations
derived fram the mumber of counts registered. The absolute
accuracy of each measure and the variation of f£lux within a
splash are not of impoartance here where only relative changes
are considered.

Thus the splash produced a fourfold increase in the flux
of electromns with E 3 L4O keV, and roughly doubled the flux of
electrans with E > 250 keV,

Yet before, during, and after the splash the flux of high-
energy (E 2 1.5 MeV) electrons measured by Detectar 6 did not
change by more than ten percent, and the ¢ounting rates are
consistent with no change at all. In order to present toe

fluxes, we assume that Detector 6 measured electrons with
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E > 2 MeV with unity efficiency. Then befare and after the
splash

J (E 22 MeV) = (120 + 6) particles em? sec™t
and during the splash
J(E ¥ 2MeV) = (120 + 10)particles cm™> sec™t.

Therefore, it appears valid to state that the high-energy
(E 2 1.5 MeV) electrons were still trapped and unperturbed an
the same field lirne on which particles were being accelerated.

The camplete to-and-fro dbounce time of such particles at this
location was sbout 0.5 seconds, and the splach lasted for
twice this time.

In ancther gplash, a similer analysis showed a ten-fold
increase in the precipitated flux of electraons with E > 4O keV,
but less than a tweaty percent change and possibly no change, in
the flux of electrons with E > 250 keV and with E & 1.5 MeV.

A number of cther examples have also been studied, and in no

case has a statistically-significent change in the cmnidirectional
flux of electroms with E € 1.5 MeV: occurred when a splash
occurred., Furthermore, with Detector 20 on Injun III we can

also show in each event that the directiomal intensity of
electrons with E 2 1.3 MeV trepped at Injun altitudes did

not change in the splashes studied., Indeed, we have not yet

observed with Injun III vhat might be called a splash of such
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higheenergy electrans. (One may have been detected by us with
Explarer VII over a visible aurcora an November 28, 1959.)

This finding implies that high-energy (E, =
electrons can be trapped and unperturbed on a field line along

1 MeV)

vhich fresh electrans are being precipitated with energies
E, > 40 keV. Cleerly this finding must be significant in
speculations about the acceleration mechanisms causipg
precipitation. Because this is the first occasion on which
this problem has been resoclved we comsider the implications
briefly bhere. The discussion applies only to the region

L < 5, vhich is the anly region in which high-energy

(E, % 1 MeV) electrons are present in large fluxes.

Same qualitative thearies suggest that precipitatian
is initiated by the introduction of a 'blod' of plasma into &
geomagnetic tube of force, whereupon space-charge effects and
drifting charges can proceed to affect previously-trapped
(Van Allen) particles [e.g., see Chamberlain, 1961b/. If it
is assumed that such a blob would result in the camplete loss
of trapped high-energy (F..e ~ 1 MeV) particles in its immediate
vicinity without producing a compensating flux of *‘fresh' similar
particles, then the fluxes of these particles can be used as
a probe of the spatial and temporsl characteristics of the dblod,
since they bounce to and fro along the tube. We showed above

that there was less than a ten percent change in the directiaonal
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or amnidirectional fluxes of high-energy (Ee ~ 1 MeV) trapped
electrons in the midst of such precipitation. So, on the

above working hypothesis, fewer than ten percent of the high-
energy electrons in the tube of force would have been exposed

to the blob, But they bounce fram one hemisphere to the

other in only 0.25 seconds, while precipitation persisted for
several seconds in the samples studied. So (if we ignore drift
in longitude) the high-energy electrons must have passed

through the blob same ten times, yet fewer than ten percent

(and perhaps noge) were lost. It appears, therefore, that if

a blob initilated the splash, it must have had such characteristics
as to have introduced negligible distortion of the magnetic field
lines acting as gulding centers of the high-energy electrons.

We do not understand how a blob could have been introduced in
the first place without such a distortion occurring. This
negligible perturbation of high-energy trapped electrons must

be expleined by any theories of precipitation,

It has been suggested very often that precipitation mey
result simply fram lowering of mirror points of previously-
trapped particles without a change in their emergy. Indeed,
this is what was formerly meant by "dumping" trapped particles.
Most of the mechanics proposed to lower the altitude of mirror
points have assumed that the particle motion 1is such as to

endeavor to conserve the invariants /see Ven Allen, 19637
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in a distorted geomagnetic field. For example, suppose that the
magnetic mament is conserved and that the scalar magnetic field
everyvhere along the guiding center is decreased. Then the
particles formerly mirroring at B = Bl say, will still tend

to mirror there, evenifBl:lsnmdeepintheatmosphere.

In another treatment, Vestine [1960/ considered the geamagnetic
field distorted by the solar wind, and particles formerly
trepped so that they mirrored just above the appreciable
atmosphere on the daytime side of the earth. If the magnetic
moment invariant was conserved, then they would still mirror at
the same field strength Bl’ and in the dipale field of the
earth, Bl i1s found at lower altitudes if the latitude is lower.
If the integral invariant of their motion was comserved, then
they would tend to mirror at lower latitudes om the nightside
than on the dayside, Hence, according to this treatment trapped
particles mirroring Just above the atmowphere on the daytime
side will be dumped in the atmosphere when they drift in
longitude to nighttime side. Several cbservations /Forbush,
Venkatesan, end McIlwain, 1961; Psulikas and Freden, 1963/
indicate that particles are trapped at a given locaticm which
will mirror in the atmosphere when they drift in longifude
even in the unperturbed but non-centered dipole geamagnetic
fleld.
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Our results above show that the observed precipitation
or splash 1is not A& simple lowering of mirror points of all
particles on a given fileld line. Insteed, 1t is an encrgy~
dependent process, having a great effect on electrons with
E_ 2> L0 keV but a negligible effect on electrans with
E, 2 1 MeV,

It is interesting to note here that there is other evidence
that outer-zone electrons with Ee ~ 50 keV behave differently
fram electrons with Ee 2 1 MeV. For example, the flux of the
lower-energy electrons increases during the main phase of a
magnetic storm [see Freeman, 1963/, while the flux of the
higher-energy electrons decreases at first, and then lncreases
a day or so later [see Fan, Meyer, and Simpson, 1960; Ferley
and Sanders, 1962; also McIlwain, 1963/. Furthermore, the
gspectral slope of electrons trapped in the ocuter zone during
quiescent conditions appears to be relatively flat for energies
below a few hundred keV, but relatively steep above such
energies [see Rosser et al., 1962/. One might speculate that
precipitation and ascceleration of low-energy ( ~ 50 keV) electrans
are caused mostly by electric fields of same tens of kilovolts
vhile the intensity changes in the higher-energy ( ~ 1 MeV)
electrons are caused mainly by gross changes in the magnetic
field with betatron acceleration or deceleration [e.g., see

Colemen, 1962; McIlwain, 1963/ which, with a steeply-falling
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enexrgy spectrum, cen result in great changes in the flux of
electrons of a given large ( ~ MeV) emergy. It should be
emphasized that such speculations remain, at present, only
speculaticns.

In the above treatment, it was seen that fluxes of
trapped electrons with E, 2 40 keV are modified during
precipitation events. Row this modification is examined in
detail, both in specific examples of splashes and in
statistical summaries of splashes. The object of this treatment

is to attempt to arrive at a coamon desc2iptiom of the phenamena.
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PHENOMENOLOGY OF PRECIPITATION

i}

Measurements of electrons with E,>» WkeVona
typical high-latitude (L ~ 7) pass are shown in Figure 7.
the eltitude of this pass was only about 250 kilammeters, so
that the trapped electroms were mirroring at almost as low an
altitude as they can reach without a high prcobabllity of
suffering Coulamb scattering in a few bounces. Their
Southern Hemisphere mirror points in this case were well above
500 km,

Throughout the thirty seconds of data shown, the flux
of precipitated electrons increased by a factor of ome hundred
thrice and by lesser but still significant amounts several times.
By contrast, the flux of trapped electrons remained constant to
within a factar of two. There were flve statistically=-
significant increases in the trapped flux at the times of large
precipitation, but the other variations in the flux at o ~ 90°
are not statistically significant. (This can be verified by
reference to the geametric factors listed in Table I. Note
that the telemetered numbers are the accumulated counts pre-
scaled by eight and the resultant discreteness of plotted date
also increases the apparent changes in Figure 7.)

In order to discuss these data more fully, angular

distributions derived from measurements A and B in Figure 7




35

are shown in Figure 8. Shown in the seme Figure 8 is the angular
distribution obtained by subtracting the flux at A from the flux
at B, Note that with equal validity ome might subtract (instead
of A) the flux just after the precipitation event B ends. If
that was done the flux of "fresh" particles at ¢ = 90° shown in
Figure 8 would be (2.7 x 10") instead of (3.3 x 10“) particles

em™? sec™l 1

sterad” —, and hence the angular distribution of fresh
particles would have even a deeper minimum at @ = 90° than is
sketched. A sim!lar anaslysis could be made of any of the other
"splashes" in Figure 7. Fram such analyses the following
sumnaries can be made:

Sumary (a): In a precipitation event the precipitation
1s such that the flux of electroms with E, ~ U0 keV tends to
approach isoiropy over the upper hemisphere (withir the crude
angular recsolution cf the three detectors).

Sumary (b): The mcremeni: cf the flux (i.e., the flux of
"fresh" elecirons as defined above) rcughly parallel to the local
megnetic wector B 1s greater than that at right angles to B2,

We now show that these two summary statemerts are
applicable generally to precipitation events or splashes. Fram
about f£ifty oriented passes over North America early in 1963,
many splashes were found by visual scanning of the counting rate
of Detectar 5. Most of the date was ascquired at L 2 5 because

most splashes occur there, but there was no deliberate selection
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of data with reference to L, altitude, locel time, or geo-
magnetic activitjr. The data are therefore as randam a sample

of precipitation as one ¢an obtain with a satellite in a fixed
orbit, Splashes of only:a few seconds duration or less were
chosen so that "increments" of fluxes or fluxes of "fresh”
particles could be estimated in the same way as in Figure 8 fram
Figure 7.

In Figures 9 through 14 scatter diagrams ere presented
of both the total fluxes and the increments of fluxes in these
splashes. Figure 9 illustrates the tendency towards isotropy
or sumary (a) above. Figure 10 illustrates that the increment
of flux or the flux of "fresh" electrons is greater near
@ ~ 0° than at o ~ 90°, or summary (b) above.

Furthermore, Figures 11 and 12 show that the same
summaries are velid even if data from Detectors 1 and 4 (viewing
o ~ 90° and @ ~ 50°) are compared, This 1s particularly
significant because a "splash" was’ defined above by reference
to another instrument, Detector 5 viewing a ~ 0°, and hence
the selection of events was mdepéndent of the results of
Detectors 1 and 4. For comparison, Figure 13 shows the relative
fluxes measured by Detectors 1 and 4 not during splashes but
during the period soon after launch when the satellite was
spinning and tumbling and when the two detectoxrs viewed '@he same

value of a. Figure 13, therefore, provides a measure of con-
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fidence in the calibration of the relative geamagnetic factors
of Detectors 1 and 4, and it also shows the scatter of compara~
tive flux measurements by the two detectors (see calibration
discussions in Appendix III).

Fipelly, in Figure 1k the increments of fluxes at
a ~ 50° and @ ~ 0° are campared. It is seen that often the
increments are gbout the same, but that the increment at
a ~ 50° is more often the greater than it is the smaller. This
was also the case in the single event analyzdd in Figures 7
and 8, although there it was only just significent. From this
result, we can derive enothexr summarizing statement, viz.:

Sumary (c): During a splash the angular distribution
tends to widen over the upper hemisphere, and continues to widen
until it is flat, i.e., until the distribution is isotropic over
the upper hemisphere.

These three summary statements describe the phenamenoclogy
of a "splash" without regard to its cause. The processes that
might cause & splash are discussed below, after the general
characteristics of precipitation are discussed with respect to
its dependence on L, local time, and other significant parameters.

The rocket cbservations of Davis et al. /19607 and
McDiarmid et al, [1961/ established that fluxes of electrans
tended towards isotropy at the relatively-low altitudes of

~ 120 to ~ 150 kilameters. It may also be noted that Chamberlain
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[I9618] states that an isotropic distribution is "to be expected
for particles propelled toward the atmosphere from an injection
source or center of acceleration located far above the atmosphere.”
In his treatment, he assumes (a) an initial isotropic distribu-
tion of fresh particles (b) comserving t.hé magnetic moment
inveriant and then merely traces their trajectories dowm F)

to the atmosphere., Clearly, our observations of isotropy are
necessary for the validity of (a) end (b) bub it is not at all
clear that they are sufficient to establish their validity.

The angular distribution in precipitation widens out in
precipitation from the usual narrow distribution of trapped
particles (see summary (c) above). An elternative comceiveble
possibility would be for fresh particles to arrive very strongly
peaked parasllel to the field line, so that the total angular
distribution of "fresh" plus ald trapped particles would have a
maximm at @ ~ 0°, another maximm at o ~ 90°, end a minimum
between. This second possibility does not occur, so that
apparently the "fresh" and the trapped electrons are very closely
related, and we deduce fram this that the increment of trapped
electrons end perhaps all the electrons at o ~ 90° with a

glven energy are "fresh" in the sense that before precipitation
occurred these very same electrons did not exist with the same
pitch angle and energy.
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GERERAL FEATURES OF PTECIPITATION

i
The features of electron precipitation are now przsented
for two purposes: First, so that they may be used in ground-
based studies of the ionospheric phenamena which they cause;

and secand, so that it may be clear what featurces any acceptable

theory of the acceleration mechanism (s) must explain. Many of

the features presented here are well-known already from studies

with x-ray detectcrs on balloons [e.g., Andersom, 1960; Pfotzer,
Emert, Erbe, Keppler, Hultqvist, and Ortner, 1962; Winckler,
1961; Winckler, Bhavsar, and Anderson, 1962; Brown, Anderson,
Anger, and Evens, 1963/, and frau very many ground-based
cbservations /e.g., Besler, 1963/ as well as fram previous
satellite studies /Q'Brien, 1962/, Kevertheless, they are
grouped here so as to provide a convenient summary. Iach
charecteristic will be illustrated by a figure from Injun III

data. Such figures should not be regarded as typlcal, but

- merely as illustrative. All the treatment of this section will

‘be a descriptive catalogue. Discussion of the significance of

the findings will follow.

It should be noted by those interested in comparing these
data with innospheric effects, that all of our relevant
measurements are made wilth directional detectors, end hence all

measured fluxes are directional fluxes in uvnits of particles
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en 2 sec™l sterad™l. In arder to £ind the total flux of particles
banbarding unit area of the ionosphere, 1.e., in order to find
the flux in particles ™2 sec'l, these directional fluxes must
be summed over 2 T eterad. As has been shown, the flux in pre-
cipitation events tends towards lsotropy over the upper hemi-
sphere, so that one may reasonsbly multiply all fluxes quoted
here by 2 in order to obtein the flux bombarding 1 cm® at
100-km eltitude say. The validity of such an action is enhanced
by the fact that Detector 5 has a wide field of view ( ~ L43° half-
angle) so that it effectively meesures an aversge directional
flux over much of the dumping cone. In fact it was designed
. specifically to £ill1 this need at the planned satellite altitude
of ~ 950 kilameters. Note also in comsideration of ionospheric
effects that only same 90% of precipitated electroms are
sbsorbed immediately (see discussion of R, above).

The properties of precipitated electrons which might be
measured are their flux and energy spectrum as a function of

(1) L or invariant latitude A ;

(2) Iocal time;

(3) Resal time; and

(k) Pitch angle.
The simplest feature to measure, and that which can be measured
with highest sensitivity and greatest accuracy, with InJun’III,

is the directional flux of precipitated electrons with energy
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E » Lo keV, and this is considered first. This flux has been
measured with Detector 5 for ail Horth American passes in
Januery and February, 1963 and for favorably-oriented portions
of passes in December, 1962. Both scatter diagrams from many
passes and segments of datz Jfrom selected pesses are used, Much
of the date involves eight-secoxnd (4.e., thirty-two frame)
everages taken at half-integral values of L. Occasionally such
short-pericd averages 1ic ia the middle of e splash, and scme=
times they lie Just outsice a splash. They were chosen to be
this short because the satellite takes a camparsble time to
cross a half-unit of L at high L velues. Also, in eight seconds
the satellite moves about fifty kilometers, and this is aebout
the scale of resolution in mmerous ground-based observations.
Consider first the precipitation es a function of L
(or ipvariant letitude \- ) only, Figure 15 shows data fram
two successive passes of January 1, 1963 separated in real
time by two hours, They were at essentially the same local times,
and were seperated in longitude by about thirty degrees. Ko
attempt has been made to show the fine structure in these
latitude profiles, although samples of the range of fluctuation
of intensities are shown. The plotted points are eight-second
(1.e., thirty-two sample) averages at half-integral values of L.
Figure 15 illustrates two features. It shcws that
precipitation can be very restricted in latitude (e.g., over

A L ~ 1 earth radius) or very extensive in latitude (e.g., over




AL ~ 20 earth radii) even at the same local time and over an
interval of only a few hours in real time. A comparable
varisbility was found in the latitude survey by x-ray detectors
on balloons [cf. Winckler et al., 1963/. The secand feature to
be noted in Figure 15 is that comsicderable precipitation occurred
in one pass even at L values as large as about 30, corresponding
to an invariant latitude of about 80°.

Considering further the precipitation as a function of L
only, a scatter diagram for precipitation during January, 1963
is shown in Figure 16. Data fram other months are not plotted,
so as to avoild too camplex a figure.

Figure 16 1llustrates two features of interest. First,
it shows that precipitation is roughly one thousand times larger
in the auroral region than it is at mid-latitudes around L ~ 2.
This can be seen by the line representing the average of the
measurements in Figure 16, and of course, it is clear how a few
very intense fluxes can daminate such an average, The average
latitude profile is in good egreement with that derlved from
Injun I @'Brien , 1962/ with considersbly fewer messurements.
The significance of this profile in considerations of the concept
of particle "lifetime" was discussed by O'Brien [I962] and
the discussion will not be repeated here, except to mention
that quantitatively thg Injun III measurements confirm the

accuracy of those with Injun I but show the scatter of the




b3

phencmenon more fully. A second feeture of Figure 16 which

should be noted is that the flux of precipitated electroms at

a given value of L in the aurorsl zone can vary over a range of

at least a million to one. Hnece the source at a given location

is not continuocusly very sctive even in the auroral zome, The

significance of this will be éiscussed below, and here it is

sufficient to mention that, by contrast, the solar wind (a

suggested source of energy for precipitation) does blow con-

tinuously /Reugebauer end Snyder, 1962/, Note hovwever thet the ‘

minimum outflux over the range L = 5,0, 5.5, ..., 7.0 out of

2kl measurements (not all on different passes) is about

LO particles em™° sec™t sterad™T, significantly higher then

at other values of L. Precipitation therefore occurred all the

time near the auroral zone, but at a slightly lower latitude

than the auraral zone which was defined by photametric

measurements of asuroral light to be around L = 7.8 (see

Pert IV). Basler 1963/ found auroral icmospheric absorption

also to be at lower latitude than the visual auroral zone,

and so presumably the absorption he studied was caused more by

electrans with E_ > 40 keV than by electrons with E, ~ 10 keV.
In continuing this presentation of the l-dependence of

precipitation, it is useful tc campare Figures 17 and 18, which

show short segments of data from a pass on January 13, 1963.

In Figure 17, the precipitation is essentially constant to




within about 10% for more than ten seconds, or ebout one hundred
kilometers in distance. In Figure 18, by contrast, the pre-
cipitation is greatly verisble in short times and/or small
distances. More extreme examples of each feature can be found

in other passes, ranging fram a hundred-fold increuse and decrease
in the flux in less than ome~-gquarter of a cecond(or in about two
kilometers), ﬁo the other extreme of comtinuous precipitation
constant to about 10% for a time of about twenty seconds., The
two examples camparcd here were chosen simply because they were
acquired sbout two minutes apart on the same pass.

Precipitation may also be studied as a function of local
time. Recent studies at low eltitudes with Injun I /O'Brien,
1963/ end at high altitudes with Explorer XIV /Frank, Van
Allen, and Macagno, 1963/ show that the location in the
magnetosphere of geomagnetically-trapped radiation is influenced
by the angle between the sun-earth vector and the earth-location
vector. The data cen be organized with, and display a systematic
dependence om, the parameter local time. It 1s of interest to
see if the fluxes of precipitated electrons show a similer
dependence.

Again we use both individual events and scatter diagrams
of many events, Individual events used are those in which
telemetry was received on both the northbound and southbound

portions of a pass of Injun III over North America., Two




45

contrasting events are considered, snd these are shown in
Figures 19 and 20.

It 1s clear fram Figure 19 that the precipitated flux at
1930 U.T, on Jamuary 13, 1963 was more dependent an L than on
local time, and indeed the fluxes at the same L (L = 7.5 say)
separated in local time by about five hours (or about seventy-
five degrees of longitude) and in real time by sbout seven
minutes are remarkably similar. Because they are so similar,
it is reascnable to assume that the flux extended over the entire
width of 75° longitude., From this assumption, and fram the
measured dependence of precipitated flux on L, we find a total
instantanecus power input of electrons E » 4O keV into the
Rorthern Bemisphere of about three hundred megawatts., In
different units, the total energy input of these particles over
at least five minutes was I!.Ol8 ergs. When electrons with
energyEe?_lkeVare included, if use is made of the
equivalence relation often applicable ’_co such electron fluxes
that when

-1 1

3 (E, >_ 40 keV) ~ 10° particles cm™> sec™’ sterad”

> 1l

then § (E, % 1keV) ~1erg cm™®

sec”l steraa~l [see 0'Brien,
1962/, we find the instantanecus energy flux precipitated

for at least five minutes was ~ 1018 ergs/sec. The significance
of these mmbers will be discussed below when the requisite

source strungth is calculated.
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The data of Figure 20, by contrast with those of Figure 19,
show very different fluxes at the same L shell but different
locel times. Thé detalled latitude profile of Figure 20 is seen
more clearly in Figure 21. Since the satellite tekes a Pinite
time ( ~ minutes) between crossing an L shell on & northbound
pass and next crossing it on a southbound pass, and since the
precipitated flux at the same point can vary greatly in a few
seconds and even more in a few minutes, the effects in Figure 20
could be due to a variation in real time rather than local time
ar longitude. We therefore have no evidence fram Injun III to
show that the flux must on occasions be localized in longitude,
and merely present Figure 20 as a.contrast to Figure 19 which
shows thet on occasions the flux must be extended in longitude.
Evidence for a longitudinal difference might be inferred fram
Joint Injun I-Explorer XII observations, where Injun I measured
at low altitudes the most intense matural event yet seen in space
[O'Brien and laughlin, 1962/ while Explorer XII on the seme L
shell but at high altitude measured an unperturbed ocuter zome
flux at the same time but at a different longitude. Campariscn
of high-altitude deta with lowe-altitude data in this way 1s
lisble to uncertainties because they do not refer to particles
with similar equatorial pitch angles, and the matter is not
resolved here _fran cansideration of these and other individual

events,
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So instead we consider scatter diagrams of precipitated
flux versus local time from many passes in December, 1962, and
Jamuary and February, 1963. These are sorted over two ranges of
L in Figuwres 22 and 23. Measurements made on both northbound
and southbound portions of a given pass {i.e., roughly at the same
real time) are so indicated. The figures show no particular
evidence for a systematic local time dependence which we can
detect, and we vould summarize both Pigure 22 and Figure 23 by
the statement that both intense and weak precipitatiom cen occur
during both the day and the night, both at midday and midnight.

By contrast with precipitated electrons, trapped electrons
at 1000-kn altitude and high I values show a large, cme-hundred
fold enhancement during the dey over the flux during the night.
Compare, for example, Figure 2 of O'Brien [I963/ for trapped
eloctrmsatﬁ_‘_L‘lOwithFim&ofthissttﬂy. The
difference between the systematic behavior of trapped electrons
and the seemingly-unsystematic bebavior of precipitated electrons
may be summarized by saying that there are generally large
fluxes of electrons ipapped at 1000-km altitude at L ~ 8
during the day, but there are not always large fluxes of
precipitated electrons. Cansequently there is a very great
variation in precipitated flux at a given L and a given local
time, and this variation is sufficiently large to obscure in this
study eny systematic behavior. Ground-based observations
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acquiring contimious data for e year or so can settle this
natter more satisfactarily than we can here [e 8., see Basler,
1963/. The very great incresse in precipitation vhich occurs
during magnetic storms, and the fact that the satellite orbit
is fixed in local time for the duration of a storm, make the
scatter of Figures 22 and 23 so large.

The next paremeter to consider then, is real time or
elapsed time. Again the satellite suffers fram a disadvantage
in studying short-time variatioms, because while it samples in
time it is moving at a speed of same 6 to 8 km/sec, and temporal
and spatial variations can rarely be resolved. The balloon
measurements of x-rays £ind intensity changes in times of a
second or less /Winckler, 19617 and these must be temporel
rather then spatial effects because the atmospheric target
area giving the x-rays is ~ 100-km diameter, and this is of
course far greater than the drift distance of the balloon in such
short intervals. Again, the rockoon meaesurements show similar
repid changes in intensity /Van Allen, private cammnicetiocn/
and although in this instence the target is small and moving,
it moves horizontally by only a few cyclotron radii in the
pericd of changing flux,

HBere we will concentrate on long-term ( ~ hours) changes
in the precipitated flux. In this case, only a scatter diagram
can be used, and in Figure 24 is shown the flux of precipitated
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electrons for Januvary 1963. Similar plots have been made for
other periods but these are not shown here. Also shown is the
planetary magnetic disturbance index Kp. Since Kp refers to an
interval of three hours in time, it is relevant to note that
the precipitated fluxes plotted are eight-second averages at
certain values of L. The shorte-term flux measurements and the
long-term magnetic index may therefore be expected to have a
samewhat imperfect relationship.

It 1s clear from Figure 24, however, that it i1s reasopnable
to state that there is a greater tendency tc have high fluxes of
precipitated electrons during megnetic storms (or large Kp) than
at megnetically-quiet times., Such a conclusion is scarcely new,
but it is included here for campleteness. It is essential to
phrase it in such vague terms, because the phencmenon in guestion
displays such erratic behevior,

'meindexl&,isrecognizedtobeaverycrudemeaaureof
geanegnetic activity, but it has been used in so meny studies
that we compare it here with the intensity of precipitetion in
order to see if it can be given a guantitative evaluation.

The maximum eight-second-average precipitated flux
encountered on each pass is plotted sgainst Kp in Figure 3A.
This use may be thought of as a measure of the most intense
precipitation which a given disturbance can produce, independent

of latitude or L. A similar generel dependence is seen if one
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plots the precipitation at a given L (e.g., L = 6) sgainst X&J.

It 14 useful to compare the scatter diagram of Figure 34
with a similar diagrem campiled by Freeman /1963 of the most
intense flux of 50 keV electrons encountered by Explorer XII
on passes in the eguatoriel plane (Figure 3B). The particles
measured by Freeman were trepped, and on the average their
intensity increased by a factor of ten (with considersble
scatter) as Kp increased by five units from O to 5. By comtrast,
Figure 3A here shows that the corresponding increase ix pre~
cipitated particles 1s by a factor of more than one thousand,
with very great scatter at a given Kp.

This camparison might be summarized by saying that, for
}&) between O and 5, the meximvm (1.e., any L) flux of precipitated
electrons with E, > L0 eV increases by roughly a factor of
sbaut five for every unit increase in !&,. The index Kp is there-
fore, as generally recognized, fairly crude.

The precipitation pitch-ungle distributions can de
summarized, as shcwn above, by the statement that the fluxes in
intense precipitation are isotropic over the upper hemisphere
Just above the apprecisble atmosphere, e.g., at ~ 250-kn
altitude. Furthermore, ebout ten percent of the precipitated
flux is backscattered by the atmosphere, and since it bhas been
shown that the same field lines can occasionally be guiding

eenters during precipitation, these backscattered electrons may
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tend to trafel to the conjugate point. Whether they reach the
conjugate point will be determined by their abillty to pass
back through the accelerastion regiom without being decelerated
or otherwise perturbed. The similtaneocus conjugate-point
balloon x-ray studies by Brown, Anderson, Anger, and Evans
[1963/, show that the intensities of precipitated electrons are
essentially the same in both hemispheres, so that presumably the
acceleration mechanism operates in both senses, precipitating
primary electrans in both hemispheres.

The properties of precipitated electroms with
E, 2 40 keV at high latitudes and Injun IIT altitudes over
North America may de summarized as follows:
(1) The average flux increeses fram ~ 10° particles cm -

sec™l sterad™t

at L=2 (A =145°) to ~ 10° in the surorel
zone L ~ 5 to 10 (/) ~ &@° to 72°) and then decreases again
(Figure 16).

(2) The maximum flux over all latitudes and the flux at a
given latitude increase by fa:ghly a factor of five with every
unit increase prrranOtos, varying greatly at any chosen
Kp (Figure 3A). The precipitated electromns are much more
susceptible to magnetic storms than are trapped electroas
(Figure 3A versus Figure:3B).

3) The precipitated flux on occasions can be uniform over

~ 80° of longitude or > LOOO kilometers (Figure 19). Ono other
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occasions it may be locelized in longitude, although this is

not proven here (Figures 20 and 21).

(%) The precipitated flux can be extremely extensive in
latitude, extending over & L ~ 20 "earth radii" and up to about
ten degrees from the magnatic pole (Figure 15) or it cen be
extended over anly & L ~ 1 earth radius and megligible at

high latitudes (Figure 15), and it may extend uniformly over
hundreds of kilameters in latitude (Figure 17) or over only a

fev kilameters (Figure 18).

(5) The precipitated flux can be intense or weak at eny time
of the day, in particular both at midday and at midnight

(Figures 22 and 23).

(6) The angular distridution of the precipiteted flux tends
towards 1sotropy over the upper hemisphere (Figures 7 through 1%),
and

(7)  About ten percent of the precipitated flux is backscattered
by the atmosphere (Figure L4).

(8) The precipi*ated fiux reaches a meximm value on & glven
pass at sbout the same locaticn as any aurora and also at about

the boundary of tragping {Figure 2).
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ENERGY SPECTRA IN PRECIPITATION

Detalled spectral analyses of precipitated electrons will
not be presented here, because such analyses are included in the
spectral studies of Isughlin, Fritz, and Stilwell 1963/ in
Part II. BHowever, a brief summary of cbserved spectral
characteristics will be incluied here so0 as to camplete the
description of the characteristics of precipitation.

It was shovm ebove that the energy spectrum of trapped
electrans is much richer in high-energy (E, ~ 1 MeV) electrons
than is the spectrum of precipitated electroms (at L < 5where
the camparisan eould be made in small precipitation events).

Intheenm'gyrangehOkevf_Eef_llo keV & few spectrsl
analyses could be made as a function of pitch angle when the
differential spectrameter was spinning and tumbling with the
satellite soon after launch. No significant variation with
pitch angle could be detected.

Ancther approach is to measure the spectrum in this range
vhen the satellite was oriented, so that the spectrometer
detected trapped particles with a ~ 90°. A number of large
splashes were examined, and the spectrum measured before,
during, and after the splash. If the spectrum before and after
was essentially the same, it was taken to be a precipitation

event of reasonsble spectral stability. (This may have produced
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a bilas in the canclusions we draw here), In such cases, it was
found that the sgpectrum during the splash was essentially the
same as before and after. For example, comparing counting rates
during cne splash of two seconds duration with the rates in the
previcus ten seconds, the low-energy ( ~ 50 keV) channel
increased by 360% while the higheenergy ( ~ 100 keV) channel
increased by 370%. Another method of camparison is to fit an
exponential curve to the two-point measurement, nmumerically
integrating over the actual spectral passbands (see Part II).

Then in this same event the e-folding energy Eo was found to be

(1) Before the splash B, = (23.8 + 0.5) keV
(i1) During the splash E = (4.1 + 0.5) keV
(11i) APter the splash | E . (22 + 1) kev

o

The sbove treatments indicate that the spectrum in the
range 40 < E, < 110 keV may be not greatly affected by
precipitation. They show that the spectrum in a splash is not
strongly dependent om pitch engle (at Injun altitudes) and that
the spectrum of trapped perticles inside' a splash is much the
same as 1t was on either side of (or before and a.fter) the
splash, Similar conclusions can be reached fram a statistical
study of the spectra of trapped and precipitated electrons
[See O'Brien, 1962/. It is to be emphasized that they apply
as yet only to altitudes of & 1000 km. The epproach to

isotropy during precipitation also suggests that this is likely
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to be true, since the integral fluxes above 40 keV became
roughly equal, and they ere camposed mostly of electrons with
energyhOS_Ee;t_llO keV.

The veriaticn in spectra fram event to event is now
treated briefly. Fuller discussion is given in Part II, Several
qualitative statements can be made, viz., thae spectrum in the
renge E, € 100 keV may be grcatly verisble with time and/or
space in & given event, but it appears to bz generally softer
towards higher latitudes [see also 0'Brien, 196/. In many
precipitation everts there is an abundance of electrons with
energy E, ~ 10 to 40 keV, and in several events it is certain
that the flux of precipitated electrons with Ee ~ 10 eV 1s no
larger than the flux of those with E_ ~ 10 keV (see Part IV).
Thus the energy spectra on same occaslons at least do not
continue to rise at the same slope down to near-thermal
energies. The acceleration mechenism may be such, therefore,
as to supply & minimum amount of energy (e.g., ~ 1 keV, say)
to any participating electrons [see also McIlwain, 1960;
Davis et al., 1960/.




ENERGY REQUIRED TO DRIVE PRECIPITATION

One of the first requirements of any postulated source
or acceleration mechanism is that it be capable of supplying
sufficlient energy to keep precipitation going, both on an
instantaneous locelized basis and on a long-term, world-wide
basis. For example, it is often suggested that the solar wind
may be the source of energy that leeds to the energizing of
the ouvter rediation zome, of precipltation snd thea aurcras.
Accurate measurements of the solar wind have now been made
[Beuvgebauer end Snyder, 1962/ so that this erergy balance may
be examined quantitatively.

Briefly, 1t can be shown by measurement of aurcral light
(Part IV) apd by direct measurement of perticle precipitation,
that the average emergy flux of electroms with E, 2 1 keV
precipitated in the auroral zone is ebout 3 to 5 ergs cm o sec™t, _
When everaged over the planet earth, this corresponds to an
average energy loss of (L x'1017) ergs sect, (Most of this
loss occurs in megnetic stoarms, but the time-averaged comditions
are treated here.) The average solar wind brings to the fromt
of the megnetosphere (about 10 R, in radius) same 3 x 107 ergs
sec™l, Thus if the average solar wind is to drive the averege
precipitation and thence auroras, & mechenism must be found for

converting about ove percent of the salerewind energy.
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On some occasicns, precipitated fluxes as great as
~ 2000 ergs cn™2 gec! are cbserved (see 1eXlwain, 1950;
O'Brisa ant Laughlin, 1963/, If these (or the bright szraras
they csuse) cover same 10 km fn latitude and scme 4000 kn in
lngitude es they may, then the instentaneous precipiteted
enexwiscfaﬂerlowergs sec™l, Then 1f the solar wind is
the source of this energy a mecheniem must be found to conceptrate
it and transform it in en eppropriaste menner, and also to trensfer

it to tke dark as well as the sunlit side of the magnetospbere.




THE CAUSE OF PRECIPITATION

The various characteristics of precipitation of electruns
in dyremic highelatitude evenis were summarized in a preceding
section. It should also be noted that Balmer emissioms occur
in the auroral zone [see Chamberlain, 1961a/ end these might
well be interpreted as indicating proton precipitation analogous
to the above electron precipitation. The localized proton

la.ndit

flux epperently can be as large as 10 ergs en® gec”
may be more widespread than the more intense electron
precipitation. It seems possible that similar total amounts of
energy might be precipitated by particles of both types, dbut
there are few experimental measurements of protons with
E, ~ 10 t0 100 keV at satellite altitudes [see Davis and
Williamson, 1962/. We ignare protons in the following discussion,
but emphasize that this 1s not to imply that they have negligible
effects,

The above camparison of the bebhaviar of higheenergy
(Ee ~ 1 MeV) and low-energy (li:e > L0 keV) electrons in splashes
indicates that this precipitation is not simply a gross lowere
ing of mirror points of all trapped electrons. Instead it is
an energy-dependent effect. It must involve the energizing
of electrons, because otherwise the outer zome would be rapidly

emptied [see detailed discuseion by O'Brien, 1962/. Then the
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"increment" of energy supply must be of the order of tens of
keV or less, rather than say hundreds of keV, in crder for its
effects on 1 MeV electrons not to be discernible, On the
other hand, the increment of emergy must be of the order of
tens of keV rather than say hundreds of eV, because otherwise
the peak flux of auraral electrans would not be found at
energlies of the order of 10 keV, The differential energy
spect;r\nn is steep for E, > 40 keV, but tends generally to
flatten or perhaps turn over at emergles of a few keV to same
10 keV [see Parts II and IV; McIlwain, 1960; Davis et al., 1960;
Anderson and DeWitt, 1963/.

It seems possible that a sharp peak at, say, 6 keV in the
differential electron spectrum [@s in McIlvain, 1960/ might be
caused simply by thermal electroms in pert of the tube of force
belng exposed to an electrostatic potential of ~ 6 kV, directed
along the field vector B°.

There appear to be same features of the precipitation
consistent with a crude, qualitative assumption that splashy
precipitation 1s caused by temporary electric fields of the order
of 10 kilovolts directed parallel to -ﬁ; at high altitudes. However,
we have no suggested mechanism for creating such a fileld, or for
determining its characteristics, and there are so many adjustable
parameters that we have not yet solved the transpart equation
vhich describes the behavior of an electron originally heving a
given energy at a given pitch angle [see also Chemberlain, 1961b/.
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It must be remembered that the tendency towards isotropy
was established sbove only at altitudes of ~ 1000 km and less,
by detectors with opening angles of tenté of degrees, for
fluxes of electrons with energy E 2 40 keV. It would eppeer
from Figures 3A and 3B that isotropy does not persist in the
equatorial plane, If an electric field along B’ causes
precipitation then perhaps a flux of electrons ~ 10 keV
should heve a maximum parallel to B, although cbscure scattere
ing phenomena at high altitudes might cause it to approach
isotropy at lower altitudes <« 1000 km., The only occasions on
which we find greater fluxes at @ ~ 0° and @ ~ 50° tban at
a ~ 90° are for very low satellite altitudes arocund 250 km,
vhen the field of view of the detector at @ ~ 90° is not filled
by & uniform flux because it is seeing scme electrons back~
scattered at ~ 100-km altitude where Ph < 1.

To conclude this brief discussion about the cause of
precipitation, it must be admitted that while this peper gathers
together a considerable amount of experimental information about
precipitation, the author remains ignorent of its cause, The
tendency towards isotropy seems asesthetically attractive,
although it is not clear why it should be attractive. Perhaps
it is because other conceivable alternatives appear repulsive
[Dessler, private communication/.




Typical questions which can be required tests of a

precipitaticn theory are listed below:

(2)

(v)

(c)

(a)

(e)

(£)

(g)

()

(1)

Where were the individual precipitated electroms and
protans yesterday, or ten seconds ago?

How can the source sustain an average energy dissipetion
or order ane hundred thousand megawatts?

What causes 1sotropy, i.e., the "cammnication" between
trapped and precipitated electrans of similar energies?
How can high-energy (Ee ~ 1 MeV) trapped electrons
remain essentially uneffected by the precipitation
mechanism?

If the energy source is the solar wind, blowing cone-
timously, what paremeter(s) of the solar wind change
in such a way as to vary the precipitation intensity
by a factor of one million, the energy spectra so
greatly, the temporal snd spatisl charscteristics so
greatly, and so on?

Why does daytime precipitation occur? And why does night-
time precipitation occur?

Why is VIF associated with low-energy precipitated
particles (see Part V)7

Why does precipitation tend to be greatest near the
ocuter boundary of trapping?

How can precipitation be produced at near-conjugate
points?

Many other test questions can be devised on the 'baéis of

data presented here and elsewhere, We suggest that at least same

of these questions be a2 campulsory examination for any proposed

thearies before their publication,




QUIESCENT 10SS OF PARTICIES CRIFTING IN LONGITUDE

Al)l the above discussion has comsidered only sporadic
precipitation or splashes., It 1s well known that particles can
be lost by dr:lrting longitudinally in the real magnetic field to
such low altitudes that atmospheric scattering and energy loss
remove them. Thus they may not be in the locel loss cone over
North America, say, where B is relatively large, but they may
enter the locel loss cone over the Rio minimum oxr the Capetown
anamaly where B is small.

Studies of such effects were made by Forbush, Venkatesan,
and McIlwein /I9E/, by laughlin et el. in Part II, by
Peulikas and Freden [1963/, and by Vernov, Garchakov, Logechev,
Resterov, Pisarenko, Savenko, Chudakov, and Shavrin [I962/.

The mechantsm of loss is understood theoretically /Welt and
MacDonald 1965/ and it mekes demands on the capacity of the
radiation zones at all energies. It 1s very importent at

small values of L, and produces gunospheric ionization localized
neer the minime in B /€.g., see Cladis and Dessler, 1961/.
Bowever, it is less impartant at L > 4 and so it is not

treated here /See O'Brien, 19657
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CONCIUDIRG COMMENTS

We attempted to present in this paper a camplete descrip-
tion of the phenamenology of precipitation, to the extent that is
possible with currently-avetilable research results. Much of the
information was derived for the first time with the satellite
Injun III, but a considerable amount came from previocus messure-
ments on the ground and with balloons, rockets, and satellites,

The various characteristics of precipitation were listed
above, and one or more figures were included to illustrate
perticular examples end generel statistical summaeries, All these
character}stics must be explained by prospective theories of
the causes of precipitatiom, Furthermare, it was established
that certainly at low altitudes end probably at high altitudes
the precipitated electrons with emergies E, 2 40 keV are
aware, so to speak, of what is happening to trapped electrons,
and vice versa. Tihus the two categories are subject to similar
influences., The flux of trapped electroms of or above a given
energy increases during precipitation (as the splash-catcher
model predicts) rather than decreases (as the simplified leaky~
bucket model predicts). In fact not ocoly does the intensity
increase, but it increases by Just the correct amount necessary
to tend towards isotropy (et low altitudes).

In our opinion, a major experimental study required to

advance towards an understanding of the cause of precipitation
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is a detailed investigation of the limits to which this isotropy
is valid, It was established with Injun III that it is valid

to an accuracy of ~ 10% for electrons with energy E > 40 keV
measured at altitudes of £ 1000 kilameters with detectors

with angular resolution of same tens of degrees. All these
parameters must be adjusted and the test for isotropy repeated

in further experiments.
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APPENDIX I: pParameters Used in This Study

When the satellite beceme magneticelly oriented (see
Part 1) the major porticn of the data treated here was acquired.
The catellite orbital location 1s routinely couverted into the
(L, B) coordinate system of McIlwain /I96I/. The paremeter L
labels a magnetic shell on which a tra.ppedv particle bounces in
latitude and drifts in longitude., Mumerically, L is such that,
if the gecmegnetic field was that of a perfect centered dipole,
then the equatorisl radial distance from the center of the earth
to a given magnetic shell would be L earth radii., It has been
shown that magnetic storms and the steady-state solar wind distort
the gecmegnetic fileld so much that any simple notion of L as én
equatorial radial distance to & givéﬁ shell in the resl field
mst be abandoned for L ) 6, and. scmetimes for lover velues
[8'Bcten, 19€3]. The parameter L derived by MeIlwain [T96T/
from e model expansion for .the geomq.gnet;c field which best |
fits ground measurements. is still an extremely uéeful ideeiized
system, and 1t is used throughout this note,

Occasionally it is of interest to refer the data to
groundelevel cbservations, and for such purposes we use the
concept of the invariant latitude > , which is derived fram
Lcos® A = 1, and 1s the "latitude” at which a given L shell

intersects the surface of the earth [G'Brien, 196/. Over
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North America, /\ and the centered-dipole magnetic latitude
A differ by less than about 2°,

The perameter B is the scalar value of the local megnetic
field, in gauss.

The times during Janmuary and February, 1963 at which the
oriented satellite crossed the megnetic shells L = 2.0, 2.5,
3.0, 3.5, etec,, were calculated, and eight-second averages of
Detectors 1, 4, and 5 determined. In the usual mode, each
eight-gsecond average was derived fram thirty-two transmitted
measurements for each detector., All raw data were examined
visually by the writer, to ensure exclusion of noisy data fram
the camputed aversges (see also discussion below).

In the design of Injun III, Detectars 4 and 5 were intended
to measure precipitated particles when the satellite was
megnetically oriented, Their angular orientation with respect
to the payload magnetic axis was chosen to satisfy this require-
ment at the designed eltitude of about 950 kilameters at high
latitudes. The actual altitude of Injun III is sometimes soO
mich greater than this nominal altitude that occasionally even
Detector 5 measures trapped particles. In order to ensure that
Detector 5 date refer only to precipitated particles, i.e.,
those which would bave mirrored at ap altitude of 100 kilo-
meters or less, use is made of the inverient relation [see

Van Allen, 19637




sin2 o

) = constant,

Two forms of this relation are of particular use here,

sin® a - sin2a° I
B Bo Bm

where @ is the pitch angle of a particle at the location where
the field strength 1s B gauss, so that the particle mirrors at

B (vhere o = 90°) and the subscript o, Tefers to the equatorial

plane.
2 Bo
Thus sin ao = g ° Numerical values are shown in
m

Figure 25. In the earth's magnetic field, assuming a pure dipole
undistorted by the solar wind, and considering only precipitated
particles tending to mirror in the atmosphere, i.e., with

Bm ~ BlOO Y’ the relation may be written

o

5100 1m

smg Q‘oD =

and 80 : sinea ~-L.

oD L3
Thus the equatorial pitch angle defining the classical loss cone
- varies fram sbout 21° at L = 2, to about 3° at L = 6.
Because the solar wind greatly distorts the geamagnetic
field /Cahill and Amazeen, 1963/, the use of the dipole relation
above between L and Bo is invaelid at large values of I, and

indeed by direct measurement of trapped perticles it has been
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shown [O'Brien, 1963/ that L loses its simple applicebility at
L > 6. This is the reasomn why, in the text, pitch-angle dise
tributions at the sateJTl.ite altitude have been considered rather
than distributions falded back to the equatorial plane.

The deviation of the gecmagnetic field arising from its
eccentric, nonedipole character must be cansidered in defining
the actusl loss cone at each location of the satellite. This is
particularly important in this study with Detector 5 which has
a half-angle field of view of 43°, 1In the extremely eccentric
arbit of the satellite, this detector can occasionally measure
trapped particles. In these studles of precipitation, data were
accepted only when the local loss-cone angle a,, was greater than
50°, thereby an allowance was made for a few degrees occasional
misaligment,

Since all the data were teken over Rorth Americs, B, ..
at a given L is relatively constant as listed in Tsble III.
Furthermare, the nominel B_ st a given L is fixed (Tsble III)
and since B/Bo is routinely celculated at the satellite
location, we can specify that for this study

( B

3100

i.e., EE_ > > constant x f(L) °

(o]

) >> ein® 50°

The resultant tabulation of acceptable satellite locations is

shown in Teble III. The minimum alloweble values of B at the




TABLE 111

Criteria for Detector 5 to Measure
only Precipitated Particles over North America

L Boo ml Bo Minimum Alloweble
(earth radii) Gauss | Geuss a/no at Satellite

2.0 0.50 0.039 7.6
2.5 0.54 }0,0108 16
3.0 0.56 }0.0116 29
3.5 0.57 |0.0073 46
4,0 0.57 |} 0.0048 70

6.0 0.58 0.00145 2ko




T

satellite might have been used as satisfactory criteris in
Table III insteed of B/Bo. However, through Figure 25, B/B
cen be used to give a nominal equatorial pitch angle a,
immediately.

In all this study, the eguatoriel megnetic field strength

B, 1s calculated simply from the relation /[McIlwain, 19617

B, = 9—'%-1—2-331135, where L is in units of en earth
L

radius. Since the geamagnetic field is terminated at same ten
earth radii in the sunlit hemisphere, with a terminal value of

B, of crder 10™3 to 10°%

gauss /Cahill and Amazeen, 1963/,

this relation is clearly invalid for L 2 10, and the distortion
of the field by the solar wind causes L to lose its simple
epplicability at L > 6 /O'Brien, 1963/. The model and the
ebove relation will still be used here at all values of L,
because they provide a convenient framework for discussiom,

The actual equatorial pitch angles of particles measured by
Injun III at large values of L may differ significantly fram
those assigned in this formulation. Since the actual values
cannot be calculated, we continue to use the idealized

values.




APPENDIX II: Sempling of Counting Rates

In the studies of this note, only electrons were discussed,
andgenerallyonlyelectrmswithenergEe_?_ho keV, measured
by Detectors 1, 4, and 5. The particle fluxes were uniquely
identified as electrons (see Part I) by the electron magnetic
spectraneters, and by reference to the proton spectrameters of
the Appllied Physics leboratory, which showed en absence of
_ protons in the data used here /courtesy C. Bostrom and G. Pleper/.

As discussed in Part I, the telemetry format of the
satellite can be changed on camend fraom the ground. The counting
rates of the three Geiger tubes can then be sampled about four
times each second, about five times, about eight times or
about sixteen times a second as required. Most of the results
of this note deal with samples taken four times each second,
since in this mode of operation all of the twenty-two scientific
instruments on board are sempled, and so a detailed analysis
of the particle flux can be made., Some samples of higher-
resoluticn of Geiger data were used in this note to establish
that the synchronism of the variations in their counting rates
generally persists even when they are sampled as rapidly as
sixteen times each second.

Bach Geiger counter is prescaled by elght before its

further twelve-bit accumulator is sampled by the telemetry.
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The telemetry is digitel, camprising twelve binary bits for
each Gejger tube, and a paritye-check bit for each twelve-bit
vorﬁ. In these studies, the Poissonian standard deviation of
a counting rate is generally small in relation to the apat:lai
end temporel variations. For example, the million-fold scatter
in intensity in the auroral zone (Figure 16) is a real end
natural effect. This may be checked for any given datum point
by noting that each telemetered muber, when multiplied by eight,
gives the total counts accumilated in the register since the
previous interrogation emptied it, either one-quarter or one-
sixteenth of a secand before, according to the chosen telemetry
mode. The prescaling register is not reset to zero upan
interrogation and resetting of the following twelve-bit register.
Date used here were acquired over North America. The
period of cne week after separation during which the satellite
was spimning and tumbling (see Part I) was used to calibrate the
three Ceiger counters in flight, by choosing occasions when the
satellite was so oriented (for & secand or so) that two or three
-of the detectors viewed the same flux. This occurred for ell
three detectors, for example, whem all three axes were perpendicular
to F’. It more commonly occurred for Detectors 1 end 4 (but
not Detector 5) when the axis of one was at @ ~ 70° and

the axis of the other was at a ~ 110° (see Figure 13).
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This early period of tumbling of the satellite was also
used to derive wvalues for Ih, the "reflection" coefficient of

electrons with E > Lo keV es a function of pitch angle a

(see Figure 4).




APPENDIX IIX: Proocf That Erratic Courtinz Rates
Are Tot I-ierefj ﬁs; Data

Since we are dealing with greatly-fluctuating counting
rates it i1s sbsolutely essentisl to prove that the erratic
behavior On any occasion is not due merely to noise in the
telemetry or data-reduction systems, or even to erratic or noisy
detectors. This can be shown in several weys as follows,

First, the satellite encoder checks the parity of eech
~ twelve-bit binary word representing the accumilated counts in
- each regilster, vhich word is then trensmitted. The parity of each
vord 18 also transmitted with it. Then, when the S.U.I. ccmputer
translates the data, 3t checks the parity of each twelve-bit
word against its transmitted parity. If the two disagree, the
 camputer indicates this in the printing of the output. In these
studies, we have not included data when there was more than one
parity error per page of data camprising more than cne thousand
twelve-bit words,

Secard, as was shovn; there is generally but not always
good correlation in the sample-to-sample counting rates of the
three Geiger tubes, and also of the other detectors of low-
energy electrons. But detectors of more energetic electrons
and of protoms show no correlated changes in the soft events
studied here.
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Third, these fluctuations are seen in almost every pass

in auroral regions, but not in the stable imnmer belt or

artificial radiation belt at lover L values.

In conclusion, while there is a finite probability of
order 0.00) or less that a single datum point may be incorrect
(noisy), there is no possibility at all that the greatly-
fluctuating phenomena reported here are due to technical
malfunctions.

This conclusion is bolstered by the fact that similer
"erratic" behavior is seen in suroras, in balloon observations
of high-latitude x-rays, and by other satellites. In fact it
was simply because enormous fluctuations were detected with
Injun I which had one-second temporel resolution that we
designed Injun III to have temparal resolution up to a factor
of sixteen times faster.

Solar x-rays can be detected by the Geigers, but such
occasions can be eliminated by use of the solar aspect sensors,
the photcmeters, and the scintillatian counter (see Part I).

In much of the treatment of the data, the individusal
quarter-second measurements have been added over thirtyetwo
samples by a computer. The phenomena are so variable that simple
criteria dictated by the computer may elther accept an occasional
noisy datum point or reject a valid but greatly-variable set of

points. The simple parity check does not, of course, reject a




word where two bits are in error, or four, ete. In every
measurement used in this study, the raw one-quarter-second
samples have been inspected by the writer. Unless several of
the detectars of electroms with E > 4O keV showed synchronous
variations the data were rejected. It is possible that sme
valid data were rejected on these subjective criteria, but

it 1s certain that no invalid data were accepted. In
particular, Detector 4 scmetimes measures enhanced flux at

a ~ 50° at L ~ 4 and high altitudes when the other detectors
cbserve little change. Because there is no sufficiently-
sensitive detector viewing the same direction, this effect is
ignored here. It may be valid and very important, but we
suggest 1t has to be confirmed with other detectors before

it i1s discussed in detail. It may be caused by intermittent
noisiness of the instrument but it is also generally under-
standeble in the model formulated to summarize precipitation.
As a precaution against possible error, all precipitation
events were measured with Detector 5, which sees enhanced
fluxes only when the other detectors do. The peak counting
rates of several Geiger modules differed significantly in-
flight from their calibrations pre-flight (see Part I). Since
we do not know why this occurred, it was extremely important
to ensure that no instrumental malfunctions in flight effected

our analysis. We believe that the internal caonsistency of the



results (e.g., the tendency towards isotropy independent of
the magnitude of the fluxes being measured), their general
reasonableness (e.g., detection of surcras caused by pre-
cipitated particles at appropriate latitudes) and their conm-
sistency with earlier measurements, as well as other arguments,
remove any doubt about the validity of the analyses.

It must be considered whether electron scattering
in the apertures of the detectors might contaminate our results.
. For exasmple, a 5% increase in the apparent flux at a ~ 90° might
‘be thought to be due to scattering of part of an intense flux at
a ~ 50°, say. We conclude that such scattering effects are
negligidble here, first because we can see no evidence of any
in Detectors 4 and 5§ when Detector 1 is measuring intense
fluxes of trapped electroms where there 1s no precipitation,
and seccnd because the magnetic spectrameter sees splashes
concordant with data of Detector 1, and yet the spectrameter
has very sharply-defined end narrow flelds of view, with
rejection by more than a factor of one thousand of electrons
arriving fran angles only e few degrees outside the fields of

view [Isughlin, private comminication/.
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FIGURE CAPTIONS

Figure 1. Sketch illustrating the use of three directional
Ceiger tubes on the magnetically-coriented satellite
Injun IIT (see also Table II),

Figure 2. Validation of the simplified splash-catcher model.
The photometer measures an surora, Detector 4 measures same
of the precipitated particles at a ~ 50° causing the
aurora, and Detector 1 shows that the flux of trapped
(@ ~ 90°) electrons increases to approximate equality
with the precipitated flux. Nominal B/Bo ~ 230.

Figure 3. 1Illustration that the flux of precipitated electrans
(in A) veries more with !gp than does the omnidirectional
flux (minly of trapped electrons) in the equatorial
plane (in B). Each point shows the maximum respective
flux encountered on an ocuter-zone pass. Explorer XII data
from Freeman /1963/.

Figure 4. Values of the reflection coefficient R(x obtained with
Injun III on six passes. The measurement shown as & was
made with Detectors 1 and 4 (see text).

Figure 5. Illustration of a "splash", or synchronous chenge in
counting rates of three Geiger counters with different

orientations. Temporal resolution is about 0.25 seconds.

Nominal 13/13o ~ 300.



Figure 6. Anocther example of a splash, with temporsl resolution
four times faster than in Figure 5. The satellite
travelled less than 500 meters during each sample, and
the cyclotron radius of these electrons at the satellite
was sbout 20 meters. Nominal B/BO ~ T00.

Figure 7. Samples of several splashes detected by three Gelger
tubes viewing trapped particles (at @ ~ 90°) and pre-
cipitated particles (at @ ~ 50° and @ ~ 0°). Note
thet trepping persists between splashes, and that the
precipitated flux varles by a greater proporticnal
amount than does the trapped flux, in such a manner as
to approach isotropy. Nominal B/Bo ~ TO0-500.

Figure 8. Pitch angle distributions derived from measurements
at A and B of Figure 7. For simplicity it is assumed
that each detector sees particles with uniform cross
section over the range of pitch angles shown as a block.
They actually have conicel fields of view (see Table II).
Nominal B/B_ ~ 600.

Figure 9. Samples of splashes, showing that the flux of
precipitated electrons at o ~ 0° tends to epproach the
flux of trapped electrons at o ~ 90°. The "line of
equal fluxes" is that derived from preflight calibrations
of the geametric factors of the detectors, and the two

lines parallel to it are twenty percent above and below it.
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Figure 10. Flux increments derived fram splashes of Figure 9,
showing that generally the flux of "fresh" particles
(derived as in Figure 8) is greater at o ~ 0° parallel
to B” than perpendicular to B°.

Figure 11. Similar to Figure 9, except that the flux at
a ~ 50° i1s campared with that at @ ~ 90°, The tendency
to isotropy 1s apparent once more.

Figure 12. Similar to Figure 10, except that the increment of
flux or the flux of "fresh" particles et a ~ 90° is here
campared with that at @ ~ 50°, which is generally the
greater,

Figure 13. Fluxes measured by Detectors 1 and 4 when both
viewed equivalent pitch angles in early non-oriented
passes. The "line of equal fluxes" was agaln derived
fram preflight celibrations of the geometric factors.
These data therefore substantiate the accuracy of the
calibrations, and also illustrate the natural scatter
in sampling equal fluxes. The scatter is much less
than in Figures 11 and 12,

Figure 1li. Illustration that the increment of flux or the flux
of "fresh" particles is more often greater at a ~ 50°
than at & ~ 0°, Since both are mostliy greater than
that at o ~ 90°, this i{llustrates that in precipitatiomn

the angular distribution tends to widen by unfolding



Figure

Figure

Figure

from o ~ 90°, rather than by simple addition of fresh
particles with maximm flux at @ ~ 0°,

15. Camparison of the latitude or L profile of precipita-
tlon for two successive passes at about the same local
time. Arrows 1illustrate range of fluctuatiom of
intensities at given locations, and no attempt is made
to show the detailed fine structure of precipitation.
This figure shows that the source must be capable of
supplying precipitation over both narrow and wide ranges
of latitude. Satellite altitude ~ 800 km at L ~ 4,

and ~ 400 km at lerge L.

16, Samples of precipitated fluxes over North America in
January 1963. Each point is asn eight-second everage of
thirty-two measurements made at half-integral values of
L. The solid line gives the average flux,., This figure
shows that the source must be always operative near the
euroral zoné, end yet very in strength by a factor of
asbout one million.

17. Illustration of relative comstancy of precipitation
over same ten seconds of time or same hundred kilometers
in distance. Naminal B/Bo ~ 1000.

18, Illustration of large variations in precipitation.
Compare with Figure 17, which shows data taken about

two minutes later at a high latitude. The two figures
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show that the source must be capable of sustaining pre-
cipitetion both extensive and restricted in latitude
and/or time., Nominsl 13/:3o ~ 290,

Figure 19, Widespread precipitation observed on a northbound
and the following southbound pass over North America,
vhen the satecllite tcok about seven mimutes between
successive crossings of the L = 7.5 shell. This shows
that the source rmust be able to sustain intense
precipitation uniformly over same 75° or about 4000
kiloneters of longitude. Rominsl 13/13o ~ TOO=3500,

Flgure 20. Widespread precipitation cbserved on a northbound
end the following southbound pass over North America.
This shows that the precipitation varied erratically
either with local time or during same ten minutes of
real time. Compare with Figure 19. Nominal
13/13o ~ 250-3000.

Figure 21. Same data as in Figure 20 replotted to contrast the
noarthbound and southbound latitude profiles.

Figure 22. Intensity of precipitation in the range
6 £ L £ 8 versus local time, This shows that the
source must be capsble of supplying large and small
fluxes during the day and during the night. During the
first three momths in arbit the satellite made no passes

over North America between local hours of 1600 and 2100.




Figure 23. Similar to Figure 22 but for the range
8.5 £ L £ 11. Similar conclusions can be drawn
about the source. The flux of trapped electrons over
this range shows a very marked diurnal variation
[see O'Brien, 1963/.

Figure 24, Flux of electroms precipitated at L = 6.0 and
L = 6.5 during fanuary 1963. This shows that precipite-
tion is generally more intense during megnetic storms as
measured by the planetary magnetic disturbance index Kp.
When measurements were made at both values of L on a
glven pass they are shown Joined by a line,

Figure 25. Dependence on B /B of the equatorial pitch angle

Q, at an equatorial field strength of Bo gauss of a
particle which will mirror at a field strength Bm'
The curve is drawn on the assumption of conservation of
the magnetic moment of the spiralling electron. If the
gecmagnetié field were of a centered undistorted dipole
forn, B /B, ~ I3. In reality, this is invelid for

L 2 6.
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